A new laccase (EC 1.10.3.2) produced by Streptomyces cyaneus CECT 3335 in liquid media containing soya flour (20 g per liter) was purified to homogeneity. The physicochemical, catalytic, and spectral characteristics of this enzyme, as well as its suitability for biobleaching of eucalyptus kraft pulps, were assessed. The purified laccase had a molecular mass of 75 kDa and an isoelectric point of 5.6, and its optimal pH and temperature were 4.5 and 70°C, respectively. The activity was strongly enhanced in the presence of Cu 2؉ , Mn 2؉ , and Mg 2؉ and was completely inhibited by EDTA and sodium azide. The purified laccase exhibited high levels of activity against 2,2-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) and 2,6-dimethoxyphenol and no activity against tyrosine. The UV-visible spectrum of the purified laccase was the typical spectrum of the blue laccases, with an absorption peak at 600 nm and a shoulder around 330 to 340 nm. The ability of the purified laccase to oxidize a nonphenolic compound, such as veratryl alcohol, in the presence of ABTS opens up new possibilities for the use of bacterial laccases in the pulp and paper industry. We demonstrated that application of the laccase from S. cyaneus in the presence of ABTS to biobleaching of eucalyptus kraft pulps resulted in a significant decrease in the kappa number (2.3 U) and an important increase in the brightness (2.2%, as determined by the International Standard Organization test) of pulps, showing the suitability of laccases produced by streptomycetes for industrial purposes.
Because of their potential for biotechnological applications in areas such as biobleaching, increasing the strength of cellulose fibers, textile dye or stain bleaching, and bioremediation, attention is currently being paid to laccases (2, 23, 30, 43, 50) . These enzymes are widely distributed in plants and fungi, but until now laccase activity has been reported in only a few bacteria, including Azospirillum lipoferum, Marinomonas mediterranea, Streptomyces griseus, and Bacillus subtilis (1, 15, 20, 22, 41, 45) . A number of roles for laccases in bacterial systems have been suggested and include roles in melanin production and spore coat resistance and involvement in morphogenesis (15, 22) . In Streptomyces cyaneus, a laccase-type phenol oxidase was found to be produced during growth under solid-substrate fermentation conditions, and it was suggested that this enzyme was involved in the solubilization and mineralization of lignin from wheat straw (5) . Further studies demonstrated that this organism could be used to improve the qualities of pulp after 2 weeks of incubation under solid-substrate fermentation conditions (6) . However, to date there have been no reports describing the involvement of bacterial laccases in the oxidation of nonphenolic compounds in the presence of mediators. The specific activities of these enzymes with lignin and related substrates have not been examined yet.
Laccases are considered some of the most promising enzymes for future industrial applications in the pulp and paper industry (4, 10, 31, 33, 38) . In particular, laccases from fungi have been found to reduce the kappa number and enhance the bleaching of kraft pulp when they are used in the presence of chemical mediators, such as 2,2Ј-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) (8, 11, 49) . In this paper we describe the behavior of the phenol oxidase produced by S. cyaneus CECT 3335 in submerged cultures as a laccase-type behavior, and in this study we also confirmed the usefulness of the purified enzyme in the biobleaching of kraft pulps.
MATERIALS AND METHODS
Microorganism and growth conditions. S. cyaneus CECT 3335 was maintained as a suspension of spores and hyphal fragments in 20% glycerol at Ϫ70°C and was routinely cultured on Bennet agar (29) or soya flour mannitol agar containing (per liter) 20 g of soya flour, 20 g of mannitol, and 20 g of agar. Distilled water suspensions of sporulating growth (10 7 CFU ml Ϫ1 ) were used as inocula. Standard spore suspensions (2 ml) were used to inoculate 500-ml flasks containing 100 ml of basal mineral medium (13) supplemented with soya flour (20 g per liter). Cultures were shaken at 200 rpm and incubated at 28°C for 10 days. Flasks were removed every 24 h to determine the enzyme activity. Culture supernatants were obtained by centrifugation of the contents of flasks at 10,000 ϫ g at 4°C for 10 min. Cell-free culture supernatants were stored at Ϫ20°C until they were used.
Enzyme assays and protein determination. Laccase activity was determined by determining the oxidation of 5 mM ABTS (Sigma-Aldrich) (48) in 0.1 M Mc-Ilvaine buffer (pH 4.4). The increase in absorbance at 436 nm was monitored with a Beckman DU-50 spectrophotometer connected to an Ultraterm thermostatic bath, which maintained the temperature of the reaction mixture at 60 Ϯ 2°C. To calculate enzyme activity, we used an absorption coefficient of 29,300 M Ϫ1 cm Ϫ1 for oxidized ABTS.
The time course of growth was estimated by measuring intracellular protein concentrations. Cells were obtained daily by centrifugation at 5,000 ϫ g for 10 min, and then they were washed with distilled water and resuspended in 10 ml of 0.1 M sodium phosphate buffer (pH 6.8). The cells were disrupted with a French pressure cell (SLM AMINCO), and the intracellular protein content was estimated by the Bradford method (9) .
Protein contents in the supernatant were estimated as described above, and the specific activities were expressed as milliunits per minute per milligram of culture supernatant protein.
Purification and characterization of laccase. Proteins were precipitated from the supernatant by addition of ammonium sulfate (up to 50% saturation) at 4°C and centrifugation at 10,000 ϫ g for 30 min. The precipitate was resuspended in 0.1 M sodium phosphate buffer (pH 6.8) and extensively dialyzed at 4°C against the same buffer. The sample was precipitated again with ammonium sulfate (up to 20%) and centrifuged as described above.
Liquid chromatography was carried out with a GP-250 Plus fast-performance liquid chromatographic system (Pharmacia). Supernatant (2 ml) was loaded onto a hydrophobic column (Econo-Pac Methyl cartridge; Bio-Rad). The column was equilibrated with 0.1 M phosphate buffer (pH 6.8) supplemented with 1.1 M ammonium sulfate. The adsorbed proteins were eluted with the same buffer without ammonium sulfate by using a continuous gradient (1.1 to 0 M ammonium sulfate) at a flow rate of 1 ml min Ϫ1 . Fractions with laccase activity were pooled, concentrated, and applied to an anion-exchange column (Econo Pac Q cartridge; Bio-Rad). In this step the column was equilibrated with 0.1 M phosphate buffer (pH 6.8), and the adsorbed proteins were eluted with the same buffer by using the following NaCl gradient: 35% NaCl (7 min) and 100% NaCl (5 min) at a flow rate of 1 ml min Ϫ1 . Chromatograms were obtained by monitoring the absorbance at 280 nm. The ABTS-laccase activity and proteins were assayed in all fractions collected (1 ml).
Throughout the purification process, fractions were analyzed by native and denaturing polyacrylamide gel electrophoresis (PAGE).
Sodium dodecyl sulfate (SDS)-PAGE on 9% polyacrylamide gels was performed as described by Laemmli (27) . Culture supernatants were obtained daily, and native PAGE (9% polyacrylamide) was used to separate the extracellular proteins. Gels were developed as zymograms for laccase activity by using ABTS as the substrate. After electrophoresis, the gels were overlaid onto a 1.5% (wt/vol) agarose gel sheet (thickness, 1 mm) containing 5 mM ABTS in 0.1 M McIlvaine buffer (pH 4.5). Both the polyacrylamide gel and the agarose gel were placed on a glass plate and incubated for 15 to 30 min at 45°C. During the purification process, SDS-PAGE analysis was also carried out. Protein bands were stained with Coomassie brilliant blue R-250 or silver stain (Bio-Rad) and compared with the bands of molecular weight markers (Bio-Rad). Isoelectric focusing was carried out by using a Bio-Rad mini isoelectric focusing cell system according to the manufacturer's instructions at pH 3 to 9; standard Bio-Rad markers were included. Protein bands were visualized by Coomassie brilliant blue R-250 staining.
Estimates of the optimal temperature and pH for activity and estimates of the thermal and pH stabilities of the purified laccase were obtained by using a temperature range of 30 to 100°C and a pH range of 3 to 8 with 10 mM McIlvaine buffer (pH 3 to 7) and 10 mM phosphate buffer (pH 7 to 8).
Michaelis-Menten kinetic parameters (K m and V max ) for the purified laccase (481 g ml Ϫ1 ) were determined at the optimal temperature (70°C) in 0.1 M McIlvaine buffer (pH 4.5) by using ABTS at concentrations of 0 to 50 mM as the substrate.
The effects of metal ions (CuSO 4 , MnSO 4 , MgSO 4 , ZnCl 2 , CaCl 2 , and FeSO 4 ) at concentrations ranging from 0 to 50 mM were also determined. In addition, the effects of EDTA (0 to 50 mM), sodium azide (0 to 100 mM), and other potential inhibitors (phenylthiourea, cinnamic acid, and tropolone, each at a concentration of 10 mM; Sigma-Aldrich) were also examined. Additional assays with metal ions (CuSO 4 , MnSO 4 , and MgSO 4 ) at concentrations of 0 to 50 mM were performed in order to determine their effects on the recovery of the activity inhibited by EDTA.
Spectrophotometric measurements of substrate oxidation by the purified enzyme were obtained at the optimal pH and optimal temperature by using 1-ml reaction mixtures containing the test substrates L-tyrosine (475 nm), L-3,4-dihydrophenylalanine (475 nm), tyramine (460 nm), dopamine (475 nm), protocatechuic acid (400 nm), ABTS (436 nm), 2,6-dimethoxyphenol (2,6-DMP) (468 nm), guaiacol (470 nm), and syringaldazine (525 nm) dissolved in 0.1 M Mc-Ilvaine buffer. Most of the substrates were used at a concentration of 5 mM; the only exception was syringaldazine, which was used at a concentration of 0.1 mM. For substrate specificity, enzymatic activity was expressed in absorbance units (AU), and 1 AU was defined as the amount of enzyme required to increase the absorbance at each characteristic wavelength indicated above by 1 U per min per ml. All chemicals were purchased from Sigma-Aldrich.
The UV-visible absorption spectrum of the purified laccase produced by S. cyaneus was determined at wavelengths between 700 and 200 nm at room temperature in 50 mM phosphate buffer (pH 6) by using a Beckman DU 50 spectrophotometer.
Oxidation of veratryl alcohol by the purified laccase with ABTS as the mediator. Oxidation of veratryl alcohol (3,5-dimethoxybenzyl alcohol) by the purified enzyme in the presence of ABTS was carried out by using the following stock solutions: purified laccase (2.5 U ml Ϫ1 ), veratryl alcohol (5 mM), ABTS (5 mM), and McIlvaine buffer (0.1 M, pH 4.5). The standards used (each at a concentration of 1 mM) were veratryl alcohol, veratraldehyde (3,5-dimethoxybenzaldehyde), and veratric acid (3,5-dimethoxybenzoic acid). The controls contained laccase (10 l), veratryl alcohol (50 l), and buffer (40 l). The samples contained laccase (10 l), veratryl alcohol (50 l), ABTS (30 l), and buffer (10 l). The samples were incubated at room temperature for 24, 36, and 48 h and 5 days in the dark. At the end of the incubation period, samples were centrifuged at 10,000 ϫ g for 5 min. Each sample (10 l) was analyzed by high-performance liquid chromatography (LC-9A; Shimadzu) by using a 25-cm column (Nucleosil 10-5 C 18 ). The column was previously equilibrated with 15% (vol/vol) acetonitrile and a solution containing phosphoric acid (0.02 M) and NaOH (0.02 M) at pH 3 and was eluted at a rate of 1 ml min Ϫ1 with the following acetonitrile gradient: 15% acetonitrile (1 min), 35% acetonitrile (10 min), 70% acetonitrile (15 min), and 97% acetonitrile (16 min; maintained until 18 min). Eluted compounds were monitored at 310 nm by photodiode detection (Waters 996). Standard solutions containing different concentrations (0.1 to 10 mM) of veratryl alcohol, veratraldehyde, and veratric acid were chromatographed under the conditions described above, and calibration curves were obtained. Quantification of the compounds was carried out by integrating the area under each peak at 280 nm. All chemicals were obtained from Sigma-Aldrich.
Application of purified laccase to the biobleaching of eucalyptus kraft pulp. Purified laccase produced by S. cyaneus was evaluated for biobleaching of eucalyptus kraft pulps by using ABTS as the mediator. The eucalyptus kraft pulp used in this assay was soaked with distilled water for 4 h at room temperature and then filtered and dried at 90°C to obtain a constant dry mass.
Enzymatic bleaching of the pulp with laccase and laccase-mediator systems was carried out in 500-ml Erlenmeyer flasks containing 7.5 g of pulp, 100 mU (16 g) of purified laccase per g of pulp, and (in the laccase-mediator system assay) 5 mM ABTS. The volume of each assay mixture was adjusted to 100 ml with 50 mM McIlvaine buffer (pH 5) to obtain a final pulp content of 7.5% (wt/vol). The reaction mixtures were incubated at 45°C for 3 h with shaking and were periodically oxygenated. Control assay mixtures were prepared by using heat-inactivated enzyme.
Controls and pulps treated with enzyme and with the enzyme-mediator system were further extracted with 37.5 mM NaOH at 80°C for 3 h, and the kappa number (ISO-302-1981 E) was determined. After alkaline extraction, controls and treated pulps were further bleached by peroxide extraction. Peroxide bleaching of pulps was carried out in 250-ml Erlenmeyer flasks containing 2.5% (vol/ vol) H 2 O 2 (obtained from a 33% H 2 O 2 [wt/vol] commercial solution), 0.05% (wt/vol) MgSO 4 , and 3.5% (wt/vol) Na 2 SiO 3 in an appropriate volume of distilled water to obtain a final pulp content of 10% (wt/vol). The peroxide extraction was carried out at 60°C for 1 h with shaking. Finally, the kappa number and brightness (ISO 2496) were determined. All the assays were performed in triplicate.
RESULTS
Production of laccases in submerged culture. The time course for the production of extracellular laccase activity during the growth of S. cyaneus in submerged culture is shown in Fig. 1 . The maximum laccase activity (1.2 U ml Ϫ1 ) was obtained after 8 days of growth. The maximum growth, as determined by using intracellular protein, was detected after 3 days. After 8 days the intracellular protein concentration had declined to 6.8 mg ml Ϫ1 (Fig. 1) .
Purification of laccase. The laccase activity in the culture supernatant (100 ml) obtained after 8 days of growth (approximately 14 mg) was purified by hydrophobic interaction chromatography followed by anion-exchange chromatography as described in Materials and Methods. At the end of the purification process a purified laccase (Fig. 2 ) was obtained; this laccase had a specific activity of 6.3 U mg of protein Ϫ1 , and the purification factor was 6.16-fold, which corresponded to a final yield of 57.8% ( Table 1) .
Characterization of the purified laccase. The purified laccase produced one band on an SDS-PAGE gel at a molecular mass of approximately 75 kDa (Fig. 2) . The isoelectric point for this laccase was 5.6. The optimum pH for the enzyme was 4.5, and the optimum temperature for the purified laccase was 70°C. The enzyme retained up to 100% of its activity after 120 min of incubation at 40°C at pH values between 5 and 8 and lost 50% of its activity when it was incubated at pH 3 to 4. The laccase retained more than 75% of its activity after incubation for 120 min at 50°C and 60% of its activity after incubation at 60°C for 60 min at pH 4.5. The laccase activity was enhanced in the presence of CuSO 4 at concentrations up to 10 mM (maximum activity at 10 mM), in the presence of MnSO 4 at concentrations up to 40 mM (maximum activity at 20 mM), and in the presence of MgSO 4 at concentrations up to 40 mM (maximum activity at 10 mM) and was reduced in the presence of FeSO 4 , ZnCl, and CaCl 2 at the range of concentrations assessed (up to 50 mM). Inhibition of laccase activity was observed in the presence of 10 mM tropolone (31.0% inhibition), phenylthiourea (95.0%), and cinnamic acid (␣-phenylpropenoic acid) (75.7%). In the presence of EDTA and sodium azide, complete inhibition was detected at concentrations of 30 and 20 mM, respectively. In the case of EDTA inhibition, activity was recovered after addition of CuSO 4 (100% recovery at a concentration of 40 mM), MnSO 4 (150% recovery at a concentration of 35 mM), or MgSO 4 (30% recovery at a concentration of 40 mM).
The kinetic constants of the purified laccase were determined under the optimal assay conditions. The K m was 0.38 mM, the V max for ABTS was 5.55 U mg of protein Ϫ1 , and the efficiency of the enzyme against ABTS was 14.60 U mg of protein Ϫ1 mg of substrate Ϫ1 .
In terms of substrate specificity, the purified laccase showed high activity against ABTS (0.763 AU 100 g of protein Ϫ1 ) and 2,6-DMP (0.830 AU 100 g of protein Ϫ1 ), lower activity against syringaldazine (0.03 AU 100 g of protein Ϫ1 ) and protocatechuic acid (0.028 AU 100 g of protein Ϫ1 ), and very low activity against tyramine (0.01 AU 100 g of protein Ϫ1 ), L-3,4-dihydrophenylalanine (0.015 AU 100 g of protein Ϫ1 ), dopamine (0.01 AU 100 g of protein Ϫ1 ), and guaiacol (0.005 AU 100 g of protein Ϫ1 ). No activity against tyrosine was detected.
The UV-visible spectrum of the purified laccase had a peak of absorption at around 600 nm and a shoulder at around 330 to 340 nm (Fig. 3) .
Effect of the purified enzyme on the oxidation of veratryl alcohol when ABTS was used as the mediator. The results obtained after 5 days of incubation are shown in Fig. 4 . A decrease in the relative area of veratryl alcohol was observed along with an increase in the concentration of veratraldehyde. In addition, a small increase in the veratric acid concentration was detected over the first 36 h. In all control experiments veratraldehyde and veratric acid were not detected.
Application of purified laccase to biobleaching of eucalyptus kraft pulps. The effect of the purified laccase on biobleaching of eucalyptus kraft pulp was evaluated after the most common pulp properties, kappa number and brightness, were analyzed ( Fig. 5 ). Following pulp treatment with laccase supplemented with ABTS and further alkaline extraction, a reduction in the kappa number of 2.3 U was observed (Fig. 5a ). When laccase was used by itself (i.e., in the absence of the mediator ABTS), a reduction in the kappa number of only 0.4 U (compared with the control) was observed. In addition, laccase treatment followed by alkaline extraction yielded pulp with substantially increased brightness (1.1-U increase). Application of laccase plus ABTS as the mediator resulted in even greater increases in brightness (2.2 U compared with the control) after alkaline (Fig. 5b) . After H 2 O 2 was applied to control pulp, a significant reduction in the kappa number (3.8 U) was observed. Following pulp treatment with both laccase and laccase plus ABTS in a bleaching sequence with H 2 O 2 , considerable reductions in the kappa number were observed (0.3 and 1.4 U, respectively). Increases in brightness were also observed after H 2 O 2 was applied to the pulps treated with enzyme and with enzyme plus ABTS (1.1 and 2.2 U compared with the control) ( Fig. 5b) .
DISCUSSION
The present work was initiated by studying the production kinetics of laccase activity from S. cyaneus in submerged cultures by using soya medium. Although maximum growth was observed after 3 days of incubation, extracellular laccase activity was detected after 4 days of growth, and the maximum extracellular laccase activity was detected after 8 days of incubation, when the specific activity was 250 mU mg of protein Ϫ1 , a value which is slightly greater than previously reported bacterial laccase activities (40, 41) . This pattern shows that laccase activity can be detected once a strain has reached the stationary phase of growth and increases with cell autolysis. In general, the bacterial laccases that have been described are intracellular or cell bound. Furthermore, most of them are involved in basic cellular processes (e.g., the Azospirillum and Marinomonas enzymes and CotA from B. subtilis) (18, 19, 30) . Recently, an extracytoplasmic phenol oxidase produced by the actinomycete S. griseus was described, and it has been suggested that this enzyme may be involved in the onset of morphogenesis (15) . Therefore, to date, there have been no previous studies based on purified enzymes to determine the potential applications of bacterial laccases in the pulp industry, and in this paper we describe for the first time the use of a streptomycete laccase in biobleaching.
The purification procedure used for the laccase in this study resulted in sixfold purification and a yield of 58%. The molecular mass (75 kDa) and the isoelectric point (pI 5.6) reported here are different from those reported for the intracellular laccases of B. subtilis (molecular mass, 65 kDa; pI 7.7) (30) and S. griseus (molecular mass, 100 kDa) (15) . However, the values which we obtained are similar to the previously described values for extracellular lignin-degrading laccases from the fungi Pleurotus ostreatus (35, 36) and Marasmius quercophilus (16) .
The results which we obtained for the stability of the laccase at a high temperature and the optimum temperature can be considered industrially advantageous when they are compared with the results obtained for laccases produced by other organisms. The optimal temperature range for fungal laccases is 30 to 60°C (14, 32, 42) . The enzyme activity of our purified laccase was maintained in the pH range determined for other fungal and bacterial laccases. In comparison, the optimum pH for the laccase activity from B. subtilis was reported to be pH 3 when ABTS was used as the substrate (30) . However, no other comparative data were found for the stability of streptomycete laccases at different pH values and temperatures.
The effects of different metal ions on the laccase activity showed that copper, manganese, and magnesium activated the purified laccase, while ferric iron, calcium, and zinc reduced the activity. No equivalent data for bacterial laccase activity has been published. However, a copper requirement for bacterial laccase activity has been reported previously for S. griseus (15) , B. subtilis, and A. lipoferum (20) .
The effects of inhibitors showed that the purified laccase was sensitive to the inhibitors tropolone, phenylthiourea, and cinnamic acid. The observed responses to these inhibitors appear to be a unique feature of the purified laccase; this enzyme is similar to tyrosinases in terms of its sensitivity to tropolone and cinnamic acid (25, 47) and differs from fungal laccases (18) . Nevertheless, the possibility that the behavior of phenol oxidases with different inhibitors could be affected by the conditions of the assay must be considered. The observation that EDTA completely inhibited laccase activity, which could then be recovered after addition of either copper, manganese, or magnesium, again suggests that bacterial laccases have a unique feature (12) . Moreover, the enzyme was also inhibited by sodium azide, as described previously for other bacterial and fungal laccases (18, 20, 28) .
Regarding substrate specificity, the laccase from S. cyaneus showed strong activity against two substrates which are considered highly specific for laccases (ABTS and 2,6-DMP) and showed much lower activity at the pH used against syringaldazine and guaiacol, which are also considered specific substrates for these enzymes (19) . Nevertheless, difficulty oxidizing guaiacol has been also reported for some specific laccases (40, 44) . The enzyme also showed low specificity against odiphenolic substrates, such as protocatechuic acid, which is considered a substrate for catecholase (19) . No activity against tyrosine was detectable; this is interesting because tyrosinases are the most common phenol oxidases produced by streptomycetes (26) .
The UV-visible spectrum of the purified laccase was the typical spectrum of the blue laccases (with a peak at around 600 nm and a shoulder at around 330 nm). In fact, typical laccases isolated from fungi belong to the class containing the blue oxidases, which contain four copper atoms per molecule arranged in three different copper-binding sites (39, 46) . Nevertheless, recent work on the laccase from B. subtilis determined that this oxidase has four copper-binding sites (22) . All of these sites produce spectra with a maximum at 605 nm, which corresponds to a type 1 or blue copper atom. Type 2 copper exhibits weakly visible absorbance, and type 3 copper has two copper centers and is responsible for a shoulder at around 330 nm in the absorbance spectrum of native laccase (35, 37) . A bacterial laccase, the CotA protein from B. subtilis, also showed the typical UV-visible spectrum of blue multicopper oxidases (30) . The cloned gene corresponding to the multipotent phenol oxidase of M. mediterranea also had the motifs corresponding to the four copper-binding sites characteristic of most laccases (41) .
The oxidation of veratryl alcohol by the purified laccase in the presence of ABTS described here is the first oxidation of a nonphenolic substrate by a purified bacterial laccase that has been reported. This activity opens up the potential for using this enzyme-mediator system in the pulp and paper industry as an alternative to fungus-based systems (7) . A number of researchers have focused their efforts on description and characterization of laccases produced by lignin-degrading fungi. Although these enzymes have limited abilities to degrade lignin, in the presence of oxygen and an organic compound as an electron carrier (or mediator), they are able to delignify kraft pulps. This delignification of kraft pulps has been patented and named the Laccase Mediator System (LMS) (10) . This LMS is highly selective and yields pulp with little carbohydrate loss or damage (49) . The success achieved at the laboratory and pilotplant scales (11, 34) makes this process a desirable system for industrial applications of bleaching of kraft pulps for the manufacture of paper (17) .
In this work we demonstrated that laccase produced by S. cyaneus can delignify eucalyptus kraft pulp in the presence of ABTS as a mediator. The results which we obtained are comparable to those described by other workers who used different laccases produced by ligninolytic fungi and ABTS as the mediator. The level of delignification achieved with the LMS of S. cyaneus was an 18.4% reduction in the kappa number after alkaline extraction of the pulp. Taking into consideration the fact that the biobleaching experiment was carried out with 100 mU per g of pulp during a 2-h treatment, this result can be compared to the decrease in the kappa number of a softwood kraft pulp treated with 5 U of laccase produced by Trametes versicolor per g of pulp (3) and also with the decrease obtained by using 100 mU of the same laccase after 1 day of incubation (7) . Moreover, the reduction in the kappa number obtained with the LMS of S. cyaneus after peroxide extraction was similar to the reduction obtained with a commercial laccase from Novo Nordisk (49) . Moreover, the increase in brightness obtained after addition of hydrogen peroxide to LMStreated pulps was significant. This result also confirms the potential application of the laccases from streptomycetes to biobleaching of kraft pulps in the presence of a synthetic mediator. Because the use of ABTS as a mediator for biobleaching of pulps is not considered cost-effective at an industrial scale, the search for natural mediators is a current research priority. The detection of low-molecular-weight aromatic compounds, such as p-hydroxybenzoic acid, after growth of streptomycetes on wheat straw (21) could open new possibilities for the use of natural mediators together with bacterial laccases for biobleaching. In fact, p-hydroxybenzoic acid has been considered a mediator as efficient as ABTS for the oxidation of polycyclic aromatic hydrocarbons (24) .
In conclusion, we isolated, purified, and characterized a new extracellular bacterial laccase. Evidence for this was obtained from substrate specificity data and the kinetic, biochemical, and spectral characteristics combined with the ability of the enzyme to oxidize nonphenolic substrates in the presence of ABTS as a mediator. For the first time, the potential of laccases from streptomycetes for use in combination with mediators for biobleaching of kraft pulps has been demonstrated.
